ABSTRACT We present detailed data on the performance of microstructured geometries for use in the evaporator section of a vapor chamber heat pipe. The central innovation of the geometries is their hierarchical structure, involving the use of large microchannels in order to reduce liquid flow drag while fabricating microscale pin fin arrays whose small pores increase capillary suction. The overall conductance in such a geometry is dependent on the extent of thin liquid film (thickness ~few microns), which is manipulated by increasing the surface area-to-volume ratio through the use of microstructuring. Experiments were conducted for a heater area of 1cm 2 , with the wick in a vertical orientation. Results are presented for fixed microchannel widths of 30-60 microns, with pin fin diameters ranging from 4 to 32 microns, and pin fin array widths of 150 to 300 microns. The competing effects of increase in surface area due to microstructuring, and the suppression of evaporation due to reduction in pore scale are explored. In the evaporative regime, conductances of the order of 6 W/cm 2 -K are attained at heat fluxes of up to 140 W/cm 2 , until the capillary limit is reached and the wick dries out.
NOMENCLATURE

INTRODUCTION
With the continuous reduction in transistor dimensions to 30nm and less in high-density Si-based microelectronics, power densities have increased to the point where state-of-theart methods of heat dissipation prove inadequate. Vapor chamber heat pipes are an attractive option for use as lateral heat spreaders since they represent a passive cooling solution requiring no external source of power or liquid pumping, allowing them to be used on a variety of portable or handheld devices [1] . Heat pipe performance is evaluated mainly on the basis of two parameters: the maximum heat dissipation and the thermal conductance. Both these parameters are strongly dependent on the performance of the evaporator section. Evaporator wicks in state-of-the-art heat pipes are made of sintered copper particles. Heat pipe performance at room temperature is limited mainly by two phenomena: capillary pressure-limited mass flow rate, and boiling in the wick. In sintered copper wicks, the twin goals of increasing heat flux and conductance are in conflict -reducing particle size and increasing wick thickness in order to increase capillary suctiondriven mass flow rate also increases the point-point contact between particles, reducing effective thermal conductivity. For portable microelectronic applications, conductance is a crucial parameter, since the maximum operating temperature of Si (85 o C) is not far from room temperature, thus restricting the maximum power dissipation for a given conductance. The current study explores innovative ways of circumventing this tradeoff and simultaneously increasing the thermal conductance of flat plate vapor chambers as well as the maximum heat dissipation possible per unit area.
The current understanding of the performance of particle structures [2] is that at low applied heat fluxes, the wick is saturated with fluid, and evaporation occurs at the liquid-vapor interface at the top of the wick, leading to a low observed thermal conductance. The dominant resistance is due to the small area of liquid film of thickness of the order of a few microns, where the majority of heat transport towards the interface occurs [3] [4] [5] . For thick wicks (>1 mm), the effective conductivity of the porous medium may dominate at low applied heat flux. At higher applied heat fluxes, there is increased flow drag associated with increased mass flux through the porous medium. In order to supply the increased capillary pressure necessary to sustain the flow, the liquid recedes into the smaller pores of the matrix. Thermal resistance through the porous matrix is reduced due to the recession of the liquid to a lower level in the wick structure. Recession of the liquid level to smaller pores also exposes a larger area of thin liquid film, thus increasing the thermal conductance; neglecting this effect leads to underprediction of the effective conductance of the wick [6] . Liquid supply to the evaporating film occurs through large pores which offer lower flow resistance. The capillary limit occurs when liquid drag exceeds the capillary suction generated by the small pores. For a given particle size, there is likely an optimum wick thickness beyond which the particle-particle contact dominates the resistance [7] . In principle, a variety of morphologies (cylinder arrays, wire screens, packed spheres) at appropriate fine length scales can be used to generate the required capillary pressure. Early work related to electronics cooling concentrated on microchannel arrays of triangular, square or trapezoidal cross-section [8] ; however, thermal conductance for these geometries are typically low (~1 W/cm 2 -K). Gupta and Upadhyaya [9] analyzed wicks made of sintered metal particles, wrapped wire screens and square axial grooves with pore sizes in the range 100-200 µm and found the highest power dissipation for sintered particle wicks; conductance was not addressed. Wicks with sintered particles in the range 40-400 mm and typically of 1-4 mm thickness have been tested by several researchers [10] [11] [12] [13] [14] [15] [16] [17] . These wicks show thermal conductances in the range 1-10 W/cm 2 -K, depending on the particle size distribution and wick thickness. Thermal conductance is observed to increase as the applied power increases, reaching a peak near wick dryout. The highest observed conductance using sintered particle wicks is 12. [9] [10] [11] [12] have used bidisperse porous media, made of small particles forming large clusters and large pores, or particles with a bimodal size distribution, to enhance mass flux. The large pores formed due to particle clustering reduce the liquid flow drag, and increase maximum heat flux. While there is agreement on the resulting increase in mass flux, thermal conductance has been observed to increase by up to 100% to about 10 W/cm 2 -K in one instance [12] and by only 10% in another [13] . Nucleate boiling is observed in some studies [11, 13, 15] ; presumably the large pores formed due to non-uniform clustering of small particles reduce the superheat necessary for nucleate boiling. The effective conductivity of the wick appears to have no influence in this regime; Lin et al [13] observe similar conductances (~10 W/cm 2 -K) for wicks of conductivity 22.7 W/m-K (bidisperse) and 173 W/m-K (monodisperse). The boiling limit is reached when the escaping vapor blocks the liquid supply channels and causes dryout, analogous to critical heat flux (CHF) in pool boiling. While the majority of studies using bidisperse wicks report peak conductances of about 10 W/cm 2 -K, two studies using wicks of copper mesh [16] and sintered copper powder patterned into microchannels [15] report conductances of 25 W/cm 2 -K. However, neither of these experiments evacuated dissolved gas from the system, which may have promoted nucleation. While Li et al [16] attribute the enhancement to the wick thickness being less than the bubble departure diameter (~ 1mm), Zhao and Chen [15] explain the enhancement in terms of improved vapor transport through the porous sidewalls of microchannels in their wick.
The available data display considerable variation in the value of peak conductance, as well as particle size and wick thickness at which the best performance is achieved. The data may also reflect the effects of variability in sample preparation (sintering) across studies. Except in one study [14] , the effective conductivity and permeability of the porous matrix is not measured prior to the experiment, and is instead calculated based on assumptions of uniform packing and ideal thermal contact between particles. There is a need for understanding the flow and heat transfer behavior of simpler but wellcharacterized porous structures which can be produced with minimum variability, and for which the matrix thermal conductivity can be estimated with high confidence. Consider a heat pipe that uses microchannels in the evaporator section. As shown in fig. 1 , the thermal resistances in the evaporator that govern heat flow from the applied heat source to the adiabatic vapor flow region are due to
• conduction in the substrate from the base heat source to the microchannel wall which acts as a fin, • conduction towards the liquid-vapor interface in the liquid thin film adjacent to the channel wall, • evaporation at the liquid-vapor interface, and • vapor transport away from the interface. Wayner and co-workers [18] [19] [20] have developed an extended Young-Laplace equation that describes the evolution of the thin liquid film set up by the combined effects of disjoining pressure and surface tension. For a microchannel, the solid resistance is small, and the thermal resistance is dictated by conduction in the liquid film and the temperature drop at the liquid-vapor interface [3] [4] [5] . Vapor transport is usually ignored since the pressure drop of vapor flow is small, though some measurements suggest that it may significantly alter the observed conductance. Consider the formation of an extended meniscus by a completely wetting liquid that is in contact with a bulk liquid reservoir and a vertical surface, as shown in fig. 2 .
This liquid film can be divided into three regions depending on the thickness, curvature and associated forces: (a) the adsorbed non-evaporating thin film, typically a few nanometers thick, which is held in place by long-range dispersive van der Waals forces between the solid and liquid molecules, (b) the `interline' region, several hundreds of nanometers in length, and of a similar thickness where the film gradually thickens, has varying curvature, ranging from zero near the adsorbed film to its asymptotic value imposed by bulk geometry and (c) the bulk region, where surface curvature is constant, typically dictated by the radius of curvature of the intrinsic meniscus (proportional to the microchannel width).
Figure 2. The extended meniscus on a flat surface
The gradient in the dispersion forces and the surface curvature create a hydrodynamic pressure gradient that sucks liquid from the bulk reservoir towards the interline region, where evaporation occurs. The results of numerical [21, 22] and experimental work [23] indicate that the curvature attains a peak value in the interline region before attaining a nearly constant value in the bulk liquid region. Further, as wall superheat increases with applied heat flux, the increased mass flow causes curvature, resulting in an effective contact angle that is higher than the equilibrium isothermal value. The total resistance to heat flow has significant components due to conduction in the liquid film and suppression of evaporation at the interface. At high values of heat flux, there is a significant gradient in temperature along the thin film surface due to variation in film thickness, with hotter liquid in the bulk meniscus and cooler liquid in the interline region, setting up Marangoni flow [24] towards the wall.
Bidisperse porous media offer the potential to significantly increase mass flow rates in boiling/evaporation, although significant changes in conductance have not been observed. Recently, Ranjan et al [25] have numerically evaluated the relative performance of various wick geometries (packed spheres, horizontal wires, rectangular channels, and vertical pins). The calculations for a single layer of structures showed that spheres, vertical pin fins and rectangular ribs display similar heat transfer coefficients. In practice, since the thermal conductance decreases due to point-point contact between layers of spheres, micro-pin fins may potentially display better performance. While particle structures have been extensively studied, alternative morphologies, such as micro-pin fin arrays can be fabricated with great control to create a perfectly bimodal pore size distribution using standard microfabrication techniques. Pore size can be much smaller than currently achieved with copper powder, and is controllable with micronscale resolution. Cylinder arrays also have the advantage of creating a parallel resistance with the low-conductivity liquid, enabling estimation of thermal conductivity of the solid-liquid matrix with high accuracy through knowledge of the porosity. Reduction in pore size and corresponding increase in surface area is favored since this increases capillary pressure and reduces the maximum thickness of liquid film through which conduction occurs. However, as film curvature simultaneously increases, the difference in pressure across the interface causes an increased temperature drop at the interface according to the Clausius-Clapeyron equation. Therefore, for a given morphology, there is likely to be an optimum pore scale at which the conductance is maximum. The pore scale is most easily identified in a two-dimensional geometry, such as micropinfin arrays made by conventional lithographic techniques. To prevent mass flux from decreasing as a result of pore size reduction, we choose a geometry consisting of periodic arrays of pin fins separated by large microchannels that supply liquid.
EXPERIMENTS
The primary feature of the wicks investigated is the use of multiple length scales to separate the regions where capillary suction is generated, from those where liquid flow drag occurs ( fig. 3 ). This enables reduction of flow drag by use of large microchannels, while retaining small features where large capillary pressure is developed. The wicks are fabricated in the form of parallel microchannels of width D and depth H separating arrays of micro-pin fins ( fig. 4) Sample Preparation: The process used to fabricate test samples is illustrated in figure 4 . Wicks of area 2×4 cm 2 are generated by lithographically defining features on a 4" diameter silicon wafer using a photomask on a GCA wafer stepper lithography system. The exposed and developed wafer is then etched in an inductively-coupled SF 6 plasma to generate deep trenches in the range 100-200 µm, depending on etching time (fig 4a-4c) . The geometrical parameters of the wick such as pore size are well-defined down to a resolution of 1 µm and can be uniformly varied without requiring recourse to estimation based on particle size etc. The exact dimensions formed after plasma etching are measured using a Scanning Electron Microscope. A thin (~300 nm) layer of Indium Tin Oxide (ITO), deposited on the back side of the Si substrate is used as a resistive heater. Lithography is used to define the heater area ( fig. 4(d) ), and ITO is deposited by using a radio-frequency argon plasma sputtering chamber. Typically, 30 minutes of sputtering at 5 mTorr pressure yields a sheet resistance of 40 ohms/square. Another thin film of copper is deposited overlapping the edge of the ITO heater, and serves to define electrodes and defines the 1cm 2 area of the heater ( fig. 4(e) ). An array of T-type thermocouples spaced 2 mm apart are affixed to the heater using high conductivity epoxy (k~ 3 W/m-K). Three other thermocouples monitor the temperature of the wafer at points behind the flow path from the liquid pool to the heated area, for use in loss calculations.
Experimental Setup: The experimental system for measurement of thermal conductance is shown in fig. 5 . It consists of a reservoir for liquid supply, the test sample suspended at known height from the liquid pool, and a data acquisition system. The temperature of the reservoir is kept constant against heat losses by immersing the reservoir in an external tank maintained at 90 o C. Thermocouples monitor the temperatures of the sample surface and water reservoirs. The experiments are performed with the wick in a vertical orientation. This represents the most severe operating condition, and also ensures that the wick is not flooded with liquid, but sucks up as much liquid as is necessary. The liquid level in the pool is maintained by using an overflow system. Thus, the distance traveled by liquid from the pool surface to the heater remains constant during the experiment (L wick ~0.5cm). Power is then applied in regular increments while simultaneously measuring temperatures at the center of the heater. The dominant mode of heat loss is by conduction from the heater through the silicon substrate to the liquid reservoir. To estimate this, experiments were performed with a bare silicon surface (no wick surface) of the same dimensions as the test samples, with power input and wick surface temperature measured as before. The power input to these bare samples reflects the losses associated with conduction through the wafer into the liquid reservoir, as well as radiation and convection heat transfer to the ambient. This loss is correlated as a linear function of wick surface temperature, and is subtracted from the power measurements for the samples with wick structures. At peak heat flux for the samples, this is of the order of 10W, and is accounted for in the results presented below. Table 1 shows the parameter space over which the experiments were performed. The microchannel width was fixed at 30 µm while the pin fin diameter values of 4, 8, and 16 µm were studied. Multiple samples used for a given pore size are denoted by the pore size and an alphabet (sample A, B etc). In all cases, the porosity of the pin fin array was fixed at φ = 0.75, thus ensuring that the effective thermal conductivity of the porous matrix, as approximated by a parallel resistance model, remained nearly constant. Figure 6 shows the repeatability of the evaporation curve for the case of d=16 µm, H=150 µm for two different samples. The data are repeatable for multiple experimental runs across and within samples, and show a linear variation of temperature with applied heat flux, indicating a constant heat transfer coefficient due to evaporation. For a given pin fin diameter, conduction through the thin liquid film near the meniscus is the dominant resistance, and is responsible for the constant slope of the evaporation curve. Dryout eventually occurs as the heat flux is increased to about 140 W/cm 2 , with the appearance of a visibly dry patch near the top of the heater, where liquid supply is first affected. As the liquid level in the microchannels recedes with heat fluxes beyond 140 W/cm 2 , there is an additional area of thin liquid film on the bottom of the channels and between the pin fins, which contributes to an increased heat transfer coefficient. As a result, as the heat flux is increased beyond the onset of dryout, the temperature of the sample reduces over a finite range of heat flux. However, once the liquid supply in capillary limit is reached, i.e. the frictional drag in liquid flow through the microchannels is greater than the capillary pressure generated by the liquid menisci in the corners of the pin fin base, complete dryout occurs. The temperature of the wick starts rising significantly with applied heat flux, and the wick structure is no longer operational.
RESULTS AND DISCUSSION
The effect of increasing mass flow rate by increasing the height of the supply microchannels is illustrated in fig. 7 for the case of the 8µm pin fin array. For microchannel depths of H=100, 150, and 200 µm, the dryout flux varies from 52 W/cm 2 to 96 W/cm 2 ; however, the slope of the curves remains the same until the onset of dryout. This is in agreement with the understanding that the overall heat transfer coefficient is governed mainly by the extent of thin film around the menisci between pin fins. Several factors contribute to this trend, as discussed below. a) Conduction from the substrate to the vapor interface occurs in the thinnest part of the meniscus, near the top of each pin fin. Let T l be the temperature of bulk liquid, while the curved liquid-vapor phase interface is at T lv . The superheat required for phase equilibrium is given by combining the Kelvin and Clapeyron effects:
where T lv and T sat( (P l ) are the interface temperature and the saturation temperature of the bulk liquid at P l respectively, σ is surface tension, r is the local radius of curvature of the meniscus, ρ v is vapor density, and h fg is the enthalpy of vaporization. For pore scales in the range 4-16 µm, eqn (1) predicts the required superheat to be of the order of 1-4 K. In a situation far from equilibrium with high interfacial mass fluxes, the required superheat may be considerably larger. As pin (pore) size decreases, in order to initiate evaporation, a larger fraction of the heat flux from the pin fin is used to superheat the liquid flowing towards the meniscus. b) As predicted by Morris [22] , Wang et al [21] and visualized by Dhavaleswarapu et al [24] , an increase in applied heat flux leads to increased meniscus curvature near the contact line, and a higher contact angle. For small pores, the height h of the thin film is truncated by the constraint that the meniscus assumes a spherical shape away from the solid surface. Approximating the thin film near the top of the pin as a conical area of height h and average thickness d, the conductance of the liquid film can be calculated. For a porosity φ, the number density of square pins per cm 2 is (1-φ)/d 2 . Thus, the conductance (W/cm 2 -K) of the liquid film portion is (2) Figure 9 . Sketch of a thin film around a micro pin fin.
Therefore, the extent of thin film is likely to increase as pore size is increased, until a value is reached at which the fraction of the total meniscus occupied by the thin part of the film starts decreasing, and lowers the overall conductance. c) Using the augmented Young-Laplace equation derived by Wayner and co-workers for an extended meniscus, the interfacial heat flux from a curved meniscus can be written as (3) Here, P v , Tv refer to vapor conditions, P d is the disjoining pressure, σK is the pressure differential across the meniscus due to curvature K, ρ l is liquid density, while α is the mass accommodation coefficient. From eqn (3), the interfacial heat transfer coefficient decreases as the meniscus curvature increases. However, even for low estimates of the mass accommodation coefficient (α~0.03) the magnitude of this interfacial heat transfer coefficient is high (~ 25 W/cm 2 -K), and is not likely to be perceptible in experiments. Figure 10 presents data for the case where the height of the heater above the liquid pool (L wick ) is varied from 0.5 to 2 cm. The results are qualitatively similar to those in fig. 7 ; as drag is increased, the dryout flux is reduced, with no apparent effect on the conductance. These results clearly demonstrate that bidisperse porous media, when designed suitably, can be used to increase the dryout flux while maintaining high heat transfer coefficients. As pore scale is increased well beyond 16 µm, eventually the reduction in thin film area will start dominating over the increased meniscus superheat due to curvature, and the performance should reduce. Experiments are currently underway in the Nano Energy Lab to demonstrate the existence of optimum pore scale for a given porosity and required maximum heat flux dissipation.
Preliminary results with a pin fin array of 32 µm pins (d=32 µm, D=60 µm, H=150 µm) indicate that the slope of the evaporation curve is reduced ( fig. 11 ). However, as superheat increases, nucleate boiling occurs at an applied flux of 140 W/cm 2 . The onset of boiling drastically changes the slope of the heat transfer curve. Boiling in the pores of the pin fin array creates vapor bubbles that are constrained in the lateral direction, and are elongated vertically. The process of escape of constrained vapor bubbles from the pores of the pin fin array creates a thin liquid film through the entire height of the pin fin, instead of only in the region near the meniscus. The thickness of a liquid film between a slowly moving bubble and the tube wall scales on the pore size, and is a function of the capillary number σV µ , where V is the bubble velocity [26] .
In the present case, bubbles are intermittently formed at discrete nucleation sites on the wick surface, with the average film thickness at each site dependent on the bubble generation frequency. While constrained vapor bubbles have been previously modeled [27] , these observations indicate that the motion of such bubbles can be advantageously used, and point to the need for further understanding of the dynamics. The boiling curve shows local slopes of about 20 W/cm 2 -K, and maximum heat fluxes of up to 240 W/cm 2 . The high heat transfer coefficient in the boiling regime compares favorably with typical heat transfer coefficients (~ 5-10 W/cm 2 -K) observed in pool boiling of water. These results may offer a pathway to further understanding of the role of vapor flow in determining heat transfer coefficients in pool boiling, where vapor flow is retarded by liquid flow. While the onset of nucleate boiling in wick structures is deprecated by heat pipe designers, since large bubbles may block liquid supply, the geometry considered in this study is such that liquid supply occurs in microchannels through capillary suction, while boiling would occur in smaller cavities in the pin fin array. As a result, the applied heat flux could be increased by 100 W/cm 2 beyond the onset of nucleate boiling, while the temperature remained constant to within 1K. The occurrence of nucleate boiling in wick structures has been previously shown to yield high-performance wicks [11] . Further investigations are underway that seek to control the occurrence of nucleation, and nucleation site density in such biporous wicks.
CONCLUSIONS
Experimental data are presented for evaporation from a bidisperse porous medium consisting of pin fin arrays and microchannels.
1. Heat fluxes of up to 140 W/cm 2 can be dissipated in pure evaporation heat transfer. To the best of our knowledge, this is the highest heat flux dissipated in a purely evaporative mode of heat transfer from porous structures. Thermal conductances of up to 6 W/cm 2 -K are achieved. 2. An increase in pore size from 4µm to 16µm acts to enhance both the maximum heat flux dissipated, as well as the thermal conductance of the wick structure in evaporation. 3. At larger pore scales, a transition occurs from an evaporative mode of heat transfer to one in which nucleate boiling occurs in the pin fin array, drastically increasing the extent of thin film area and magnitude of thermal conductance.
